Abstract Patients with pulmonary hypertension (PH) remain challenging to care for in the perioperative period. This update will review the most current definitions, the acute and chronic treatment options for PH, including the rationale for various therapeutic agents, the potential side effects and optimization strategies. Anesthetic techniques, which may be affected by PH and/or the medications used to treat PH, are discussed as well as the intraoperative management of PH with suggestions for addressing adverse events. Specific hemodynamic and metabolic stressors during thoracic surgery, including one-lung ventilation, are emphasized with discussion about the options for intraoperative monitoring. Safe and efficacious care of patients with PH requires expert cardiovascular management with close attention to medication interactions and hemodynamic perturbations.
Introduction
In the past, the traditional definition of pulmonary hypertension (PH) included the following: mean pulmonary artery pressure (mPAP) C25 mmHg at rest, mPAP C30 mmHg with exercise, pulmonary capillary wedge pressure (PCWP) B15 mmHg and pulmonary vascular resistance (PVR) C 3 Wood units. [The Wood unit can be easily derived from mPAP (measured in mmHg) and cardiac output (CO; measured in l/min), and it is thus given in mmHg min/l. This is numerically equivalent to hybrid reference units (HRU = Wood units). To convert from Wood units to calculated PVR (dyn s/cm 5 ), the Wood unit must be multiplied by 80.] In 2008, however, experts at the Fourth World Symposium on Pulmonary Hypertension simplified the definition. PH is now defined as mPAP C25 mmHg at rest with a normal range for mPAP of [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This normal range for mPAP was derived from a systematic literature review of over 1,100 patients from 47 studies and 13 countries, which found normal mPAP to be 14 ± 3.3 mmHg [2] . The criterion of C30 mmHg with exercise was removed from the definition, because the same review found almost half of healthy patients [50 years old met this parameter.
Also, at the Fourth World Symposium meeting, the clinical classification of PH was updated to include the following groups [3] :
(1) Pulmonary arterial hypertension (PAH) (1') Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis (2) PH owing to left heart disease (3) PH owing to lung diseases and/or hypoxia (4) Chronic thromboembolic pulmonary hypertension (5) PH with unclear multifactorial mechanisms The gold standard for measuring PAP is right heart catheterization (RHC) [4] . A large-scale study using RHC to categorize these different groups of PH is not available. However, from a study of 10,314 patients who underwent transthoracic echocardiography (TTE), an estimated systolic PAP C40 mmHg classified 936 patients as having PH. In this subgroup of PH patients, 68 % were group 2; 9 % were group 3; 2.7 % were group 1; 2.7 % were group 5; 15 % were unclassified [5 • ].
After the diagnosis of group 1 PH, the median survival time is 2.8 years (95 % CI 1.9-3.7 years) [6] . The disease process initially involves chronic vasoconstriction of the pulmonary vessels, followed by smooth muscle hypertrophy and proliferation, and ends with fibrosis at which time the disease becomes fixed [7] . To confirm the diagnosis of PH, RHC is indicated. Although RHC is an invasive procedure, a multicenter study of 7,218 catheterizations showed a low mortality rate of 0.055 % or approximately 1 death per 1,800 procedures. The adverse event rate was 1.1 % with the most common complication involving venous access such as hematoma and pneumothorax [8] .
Outcome Studies
There have been many outcome studies on surgical patients with PH, but few have specifically looked at thoracic surgery patients. One study involved 145 PH patients undergoing non-cardiac surgery and found that there was no increased mortality in the thoracic surgery subgroup [9] . However, morbidity was increased in thoracic surgery (61.5 %) compared to orthopedic procedures (48 %) and low-risk procedures (16.7 %), which included gynecologic, urologic, plastic, dermatologic and breast surgery.
Another study of 68 patients with interstitial lung disease undergoing video-assisted thoracic surgery for biopsy reported 3 deaths within 60 days after surgery [10] . Eighteen patients had either an echocardiogram (17 patients) or RHC (1 patient), and 8 had findings consistent with PH. Of these eight patients, four had morbidity. The other ten patients without PH had no morbidity events (p = 0.01). In addition, out of the three deaths, two had PH while the third patient did not have echocardiography or RHC.
A third study reviewed and stratified 96 thoracic surgery patients with PAH (classification group 1) to mild (systolic PAP 25-44 mmHg), moderate (45-59 mmHg) and severe PH ([60 mmHg) [11] . Patients with mild and moderate PH had no mortality within 30 days of surgery. However, in patients with severe PH, 30-day mortality was 14 % (p = 0.001).
Collectively these studies suggest an increased risk of perioperative morbidity and mortality in PH patients, especially those with severe PH.
Preoperative Assessment
In addition to RHC, a history and physical examination can assess the risk of perioperative complications. Patient history should include a review of prescribed and illicit medications as well as supplements. Substances associated with PH are listed in Table 1 . Clinical signs of right heart failure include dyspnea, increased jugular venous pressure, peripheral edema, ascites and hepatomegaly. An electrocardiogram (ECG) may show signs of right ventricular hypertrophy (tall R wave in V 1 with progressive decrease in height from V 2 , V 3 , to V 4 ), right axis deviation and right ventricular strain (ST depression in V 1 ) [12] . Chest X-ray can show enlargement of the proximal pulmonary artery (PA) vasculature with thinning of the peripheral and distal vessels [13] . An arterial blood gas may be used to assess potential hypoxia and metabolic acidosis, which can result from a low CO.
TTE noninvasively evaluates for PH, and several studies have compared its efficacy against RHC. The estimated systolic PAP is commonly used to assess right heart pressures with TTE. In one study, 65 patients who were suspected of PH underwent both TTE and RHC [14] . Using TTE, systolic PAP was calculated by summing the peak pressure of the tricuspid regurgitation jet and right atrial pressure, which was estimated by inferior vena cava diameter and its collapsibility during respiration. They found 48 % of patients had a [10 mmHg difference between the TTE and RHC measurements. In addition, out of six patients who had no tricuspid regurgitation detected, four had elevated PAP by RHC. The authors concluded that TTE is unreliable for measuring elevated PAP for PH. One can speculate that this may be due to the difficulty in obtaining consistent imaging planes for PAP calculations. The above group also analyzed the relationship between survival and another TTE measurement, the tricuspid annular plane systolic excursion (TAPSE) [15] . In 63 patients with PH, they found that estimated survival was significantly decreased in patients with a TAPSE \1.8 cm compared to those with a TAPSE [1.8 cm. At 1 and 2 years, patients with a TAPSE \1.8 cm had survival estimates of 57 and 42 %, while patients with a TAP-SE [1.8 cm had survival of 85 and 79 %, respectively. The unadjusted risk of death for the TAPSE \1.8 cm group was 3.8 (95 % CI 1.6-9.3, p = 0.003).
Using echocardiographic speckle tracking, another group studied patients with PAH (classification group 1) and estimated survival [16] . They found that patients with right ventricular systolic strain less negative than -12.5 % had more rapid disease progression over 6 months. In addition, these patients had decreased survival over 4 years compared to those with strain more negative than -12.5 %.
With greater interest in diagnosing PH with noninvasive methods (i.e., decreasing the use of RHC), Bonderman et al. [17] developed a non-invasive algorithm to rule out pre-capillary PH (classification groups 1, 3, 4 and 5). They retrospectively studied 251 patients who were suspected of PH. Even with an estimated systolic PAP of C36 mmHg by TTE, patients with both the absence of right ventricular strain by ECG and N-terminal brain natriuretic peptide B80 pg/ml did not have pre-capillary PH by RHC. A prospective study of 121 patients validated these findings [17] .
Pulmonary Vasodilators
In patients without PH, innate pulmonary vasodilators (prostacyclin, nitric oxide) and vasoconstrictors (endothelin-1, thromboxane) balance pulmonary vascular tone. PH patients have an imbalance of these mediators, which leads to pulmonary vasoconstriction, smooth muscle proliferation and local microthrombosis. Current medications to treat PH manipulate these mediator pathways to decrease PA tone, halt smooth muscle proliferation and decrease thrombosis.
Endogenous nitric oxide (NO), which stimulates guanylate cyclase and increases cyclic guanosine monophosphate (cGMP), triggers vasodilation and decreases platelet aggregation. Synthetic NO is delivered as a continuous inhaled gas and thus selectively impacts pulmonary vasculature without any systemic effects. Because of this selectivity, it reduces shunting by improving V/Q matching and oxygenation. Dosing may range from 5 to 40 ppm, although one study showed a ceiling effect at 10 ppm [18] . While inhaled NO is approved by the FDA only for use in neonates with hypoxic respiratory failure associated with PH, many centers extensively utilize nitric oxide as inpatient treatment for adult PH patients.
Prostacyclin stimulates adenylate cyclase and increases cyclic adenosine monophosphate (cAMP), which promotes vasodilation, increases cardiac contractility and inhibits platelet activation. Prostacyclin medications include IV prostacyclin (half-life 3 min), inhaled prostacyclin (half-life 6 min), inhaled iloprost (half-life 20-30 min) and subcutaneous treprostinil [13, 19, 20] . Inhaled prostacyclin must be administered continuously, while inhaled iloprost is administered 6-9 times a day because of its longer half-life. IV prostacyclin is reserved for patients with the most severe and difficult to treat PH [21] . Treprostinil is a continuous subcutaneous infusion, which can be complicated by injection site pain [22] . Compared to NO, inhaled iloprost significantly reduces PAP and PVR and increases CO [23] . Meanwhile, simultaneous delivery of iloprost plus NO and iloprost plus sildenafil exhibit additive effects [24, 25] .
Calcium channel blockers (CCB) such as nifedipine, diltiazem and amlodipine are used in a small subset of patients who have PAH and are responders to a trial of NO or IV prostacyclin. A study of patients with PAH who underwent vasodilator trials with either inhaled NO or IV prostacyclin showed that 12.6 % of patients had vasoreactivity, but only 6.8 % had a long-term clinical response to CCBs [26] . CCB responsiveness is thought to be rare in non-PAH patients (i.e., patients who are not classification group 1) [21] .
Phosphodiesterase (PDE) inhibitors include two types, type 3 and 5. Milrinone, enoximone and inamrinone are PDE-3 inhibitors that suppress the breakdown of cAMP, while sildenafil is a PDE-5 inhibitor that suppresses cGMP breakdown. Milrinone increases cardiac contractility, vasodilation and inhibits platelet aggregation. Sildenafil also causes vasodilation and inhibits platelet aggregation, but it increases cardiac contractility via cGMP inhibition of PDE-3 [27] . While milrinone is given IV and causes vasodilation in both the pulmonary and systemic systems, sildenafil's oral vasodilatory effect is mostly limited to the pulmonary vasculature because of low PDE-5 levels in the systemic system except in penile circulation [27] .
In patients who require urgent surgery, but have inadequately treated PH, it is recommended to give sildenafil 50-100 mg with L-arginine supplementation [28] . This recommendation is partly due to sildenafil's pulmonary selectivity and uncomplicated route of administration. Theoretically, in a PH patient with left heart disease (classification group 2), sildenafil could cause volume overload of the left heart and lead to pulmonary edema and worsening heart failure. However, a small study of 13 patients with systolic heart failure (7 patients with PH, 6 without PH) found that sildenafil decreased PAP without changing CO or PCWP [29] . A separate study investigated sildenafil's effect on 20 patients with chronic obstructive pulmonary disease (COPD; classification group 3) [30] . They found that patients at rest had a significant decrease in PaO 2 caused by increased V/Q mismatching and abolition of hypoxic pulmonary vasoconstriction. Furthermore, patients with a higher baseline PaO 2 saw a greater decrease in PaO 2 after sildenafil compared to those with a lower baseline. Because the drop in PaO 2 is significant and unpredictable, sildenafil is not recommended in patients with COPD.
Sildenafil has been associated with blindness in patients being treated for erectile dysfunction by anterior ischemic optic neuropathy (AION) [31, 32] . Thus, some have recommended withholding electively used sildenafil for 1 week prior to surgery especially if the patient may be exposed to other causes of perioperative blindness such as preoperative anemia, prolonged procedure, substantial blood loss and pressure on the eye [33, 34, 35 • ]. In contrast, for PH patients, sildenafil is not an elective medication and must be continued [36] . Therefore, anesthesiologists should be aware of a potential increased risk of perioperative blindness in patients who have recently taken sildenafil (half-life 4 h), although there have been no case reports to date of perioperative blindness associated with sildenafil [34] .
Endothelin receptor antagonists block two types of receptors, ET A and ET B . ET A receptors induce vasoconstriction and smooth muscle proliferation, while ET B receptors affect the clearance of endothelin and the secretion of NO and prostacyclin from the endothelium [19] . Bosentan is a nonselective endothelin receptor antagonist, and ambrisentan is ET A receptor selective. Both are oral medications with side effects of teratogenicity, elevated transaminase and peripheral edema [19, 21] .
In summary, PAH patients (classification group 1) who are positive responders to NO or IV prostacyclin should be placed on a CCB. Non-responders or those who need further treatment after initiating CCB therapy should start an oral medication such as sildenafil or one of the endothelin receptor antagonists. The side effect profile of each drug (sildenafil-decreased platelet function, risk of AION, decreased PaO 2 with COPD; ET receptor antagonists-elevated liver transaminase, teratogenicity) should be weighed. For inpatients, one of the inhaled drugs (prostacyclin or iloprost) or IV prostacyclin should be considered depending on illness severity [21] . Figure 1 shows a simplified treatment algorithm for PAH.
Neuraxial Anesthesia
Many of the vasodilators described above, including NO, prostacyclin-type medications and sildenafil, decrease platelet aggregation. This is concerning, especially as neuraxial anesthesia is commonly used for postoperative pain control after thoracic surgery. There have been no large-scale studies examining the association of these pulmonary vasodilators and risk of epidural hematoma after neuraxial anesthesia; much of the literature is in case report form from obstetrics. Decoene et al. [37] describe a pregnant patient with unexpected PH who was placed on NO therapy; NO was administered during epidural placement and removal without complications. NO may be a safe choice as its action is selective to the pulmonary vasculature and is rapidly eliminated by hemoglobin (halflife 2-6 s) [19] .
Another case report describes a pregnant patient with PH initially treated with IV prostacyclin, which was converted to inhaled prostacyclin [38] . The duration of action of IV prostacyclin on platelet function is 20-30 min. For this patient, an epidural was placed 1 h after the IV prostacyclin infusion had been stopped. Inhaled prostacyclin continued throughout the intrapartum period, and the epidural was removed after delivery; 2 h later she was converted back to IV prostacyclin, and there were no complications.
In a third case report, a pregnant patient with PH had an epidural placed [39] . Then intermittent inhaled iloprost was started in the intrapartum period. After delivery, the epidural was removed while the patient continued scheduled intermittent inhaled iloprost. The patient did not develop an epidural hematoma.
There is inadequate evidence to judge the risk of epidural hematoma with these pulmonary vasodilators. Neuraxial anesthesia for patients receiving NO is reasonable given its very short half-life. Both inhaled prostacyclin and iloprost have longer half-lives than NO, but have also been used without neuraxial complications. However, neuraxial anesthesia placement and removal are not recommended for patients receiving IV prostacyclin or IV iloprost [38, 40] . If a neuraxial technique is strongly indicated, conversion to an inhaled medication should be attempted. If conversion is successful, then the anesthesiologist may consider proceeding with neuraxial anesthesia after weighing the risks and benefits. One should wait at least 2 h after the discontinuation of the prostacyclin or iloprost infusion before neuraxial placement to allow the recovery of platelet function [40] . There are no published case reports of neuraxial anesthesia with sildenafil.
Ventricular Support: Vasopressors, Inotropes and Intra-Aortic Balloon Pump (IABP)
Astute cardiovascular management of PH calls for adequate myocardial perfusion and limits oxygen consumption of the right heart by minimizing right ventricular end-diastolic volume and wall stress. Right myocardial perfusion is the difference between systemic arterial pressure and right ventricular pressure; perfusion can be optimized by increasing systemic pressure using vasopressors such as phenylephrine, norepinephrine and vasopressin, while decreasing right ventricular end-diastolic pressure and volume with inotropes such as milrinone, epinephrine and dobutamine. Inotropes also increase myocardial perfusion by increasing CO.
Norepinephrine is a more suitable drug than phenylephrine in PH patients, as it not only increases systemic pressure via alpha receptors, but also increases contractility and CO via beta receptors. Norepinephrine increases CO during acute increases of PAP such as initiation of onelung ventilation (OLV) in thoracic surgery, but has minimal CO effect in patients with chronic PH [41] . Vasopressin is also recommended in patients with PH. Animal models have demonstrated that vasopressin causes systemic vasoconstriction and pulmonary vasodilation by triggering NO release from the pulmonary endothelium [42] .
Of the inotropes, milrinone is commonly used in patients with PH for its contractility and pulmonary vasodilatation effects via increasing available cAMP. However, caution must be exercised with milrinone, as it also decreases systemic pressure and can lead to decreased myocardial perfusion. Epinephrine and dobutamine are inotropes that can also be used as long as tachycardia is avoided. Tachycardia leads to increased oxygen consumption and decreased diastolic myocardial perfusion time in patients with right ventricular hypertrophy.
IABP augments myocardial perfusion during diastole and supplements pharmacologic support. In a study of ten pigs, right ventricular failure was induced by artificial PA constriction [43] . Dosing of phenylephrine and hemodynamic parameters were measured with and without IABP. Results showed that with IABP, the pigs required less phenylephrine to maintain systemic pressures and had increased augmentation of myocardial perfusion pressures.
In addition, IABP resulted in an increase in cardiac index and mixed venous oxygen saturation due to decreased systemic afterload.
Intraoperative Management
The intraoperative management of PH patients undergoing thoracic surgery involves maintaining right heart myocardial perfusion and decreasing oxygen consumption as stated above. Key times when the right heart is at risk include induction, initiation of positive pressure ventilation, initiation of OLV, and clamping of the PA during pneumonectomy and lung transplantation. During induction, systemic pressures may need support with vasopressors to preserve myocardial perfusion. Positive pressure ventilation compresses intra-alveolar vasculature and increases PAP and PVR. OLV increases PAP, PVR and right ventricular workload by causing hypoxic pulmonary vasoconstriction. Finally, clamping PA branches increases PAP, PVR and myocardial oxygen consumption by acutely decreasing the pulmonary vascular bed area. In addition to vigilance during these key times, the overall anesthetic plan should avoid other triggers that would increase PVR. These triggers include hypoxemia, hypercarbia, acidosis, hypervolemia, hypothermia and sympathetic stimulation (pain).
Ventilation and tidal volumes should be adjusted to keep lung volumes near functional residual capacity as this is the point where PVR is lowest. Attempts to avoid hyperinflation and atelectasis should be made as both lead to compression of alveolar vessels causing increased PVR [13] . When OLV is initiated, tidal volumes should be decreased by half because functional residual capacity also decreases by half. It is recommended that in the postoperative period, mechanically ventilated PH patients should have ventilator settings similar to those of acute respiratory distress syndrome (tidal volume 6 ml/kg and plateau pressure B30 cm H 2 O) [44] .
Vasodilators should also be used as necessary for intraoperative management in thoracic surgery. As Fig. 1 mentioned previously, in urgent cases of patients with inadequate workup for PH, sildenafil 50-100 mg should be considered even for classification group 2 patients, but not group 3 [28, 30] . Other pulmonary vasodilators including NO, milrinone and the prostacyclin-type medications should be used with caution in patients who are classification group 1 0 and 2, as it may lead to pulmonary edema and/or left heart failure [45] .
A pulmonary artery catheter (PAC) is still widely used for patients with PH in the perioperative period. Physicians view it as a reliable way to follow cardiac function by measuring central venous pressure (CVP), PAP, CO and mixed venous oxygen saturation. Further, the ability to trend both CVP and CO simultaneously may more efficiently demonstrate changes in right ventricular function than PAP [41] . However, a multicenter randomized trial of approximately 2,000 elderly patients showed that there was no difference in benefit or mortality between patients who were treated with and without a PAC [46] .
Transesophageal echocardiography (TEE) is increasingly being used as a perioperative monitor in patients to upplement or even replace a PAC. TEE can assess for tricuspid regurgitation, right ventricular function and interventricular septal bounce [47 • ]. Interventricular septal function can distinguish between pressure or volume overload of the right heart. If the interventricular septum bows to the left during systole, pressure overload is likely; if the septum bows to the left during diastole, volume overload is suspected. Bowing of the septum to the left is especially detrimental during diastole because this encroachment decreases left ventricular end diastolic volume and impairs CO. With a diminished CO and an overloaded right ventricle, right heart myocardial perfusion is greatly compromised. In major thoracic procedures such as pneumonectomy and lung transplantation, TEE is considered superior to the PAC [47 • ]. For lower risk thoracic surgeries (wedge resections and lobectomies done by either thoracoscopy or thoracotomy), TEE is rarely indicated.
There are individual benefits to PAC and TEE. PAC monitoring provides straightforward numerical data in distinction to TEE, for which a video loop must be obtained and interpreted by a specialist. Therefore, a PAC may be more suitable for continuous monitoring, because it is much simpler to trend numerical values than TEE loops over time. Also, a PAC allows quick calculation of right heart myocardial perfusion pressure by subtraction of systemic from pulmonary pressure. On the other hand, TEE has the benefit of simultaneous right and left heart evaluation [47 • ]. In addition, TEE allows for better assessment of intraoperative hypotension by evaluating for wall motion abnormalities, volume status, tamponade and large pulmonary thrombus.
Conclusion
Anesthetic management of thoracic surgery patients with PH initially involves identifying the cause and classification of PH as certain medical therapies are contraindicated in different groups. After careful patient workup, including a review of medications, physical status and preoperative tests, the anesthesiologist should plan for key intraoperative events such as initiation of OLV and PA clamping. Invasive monitoring such as PAC and TEE should be considered, and vasoactive drugs should be readily available to treat sudden hemodynamic changes. Extensive knowledge of cardiac physiology and pharmacology of PH medications is needed to take care of these patients during their perioperative course.
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